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Annexin 5 mediates a peroxide-induced Ca2+ influx in B cells
Helmut Kubista*, Tim E. Hawkins*, Darshana R. Patel†, Harry T. Haigler†
and Stephen E. Moss*
Annexin 5 is a Ca2+-binding protein, the function of
which is poorly understood. Structural and
electrophysiological studies have shown that annexin 5
can mediate Ca2+ fluxes across phospholipid membranes
in vitro [1]. There is, however, no direct evidence for the
existence of annexin 5 Ca2+ channels in living cells. Here,
we show that annexin 5 inserts into phospholipid vesicle
membranes at neutral pH in the presence of peroxide.
We then used targeted gene disruption to explore the
role of annexin 5 in peroxide-induced Ca2+ signaling in
DT40 pre-B cells. DT40 clones lacking annexin 5
exhibited normal Ca2+ responses to both thapsigargin
and B-cell receptor stimulation, but lacked the sustained
phase of the response to peroxide. This late phase was
due to Ca2+ influx from the extracellular space,
demonstrating that annexin 5 mediates a peroxide-
induced Ca2+ influx. Thus, peroxide induces annexin 5
membrane insertion in vitro, and peroxide-induced Ca2+
entry in vivo in DT40 cells requires annexin 5. Our results
are consistent with a role for annexin 5 either as a Ca2+
channel, or as a signaling intermediate in the peroxide-
induced Ca2+-influx pathway.
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Results and discussion
Using the photoactivatable reagent 3-(trifluoromethyl)-3-
(m-[125I]iodophenyl)diazirine (125I-TID), which has been
used to study the interaction of annexins with phospholipid
bilayers (J. Isas, J. Cartailler, Y. Sokolov, D.R.P., R. Langen,
H. Luecke, J. Hall, and H.T.H., unpublished observations),
we found that annexin 5 and annexin 12 insert into mem-
branes at low pH. Similar findings have been reported for
other annexins [2–4]. A survey of physiological agonists led
to the discovery that H2O2 induces insertion of annexin 5
into large unilammelar vesicles composed of phos-
phatidylserine and phosphatidylcholine, without the need
for acidification (Figure 1). Although membrane insertion at
neutral pH was inhibited by Ca2+, this result demonstrates
that annexin 5 can integrate into a lipid membrane at physi-
ological pH in the presence of a natural agonist.
Because physiological exposure to peroxide and/or intra-
cellular acidification might induce membrane insertion
and ion channel formation by annexin 5 in vivo, we devel-
oped a genetic model to investigate the requirement for
annexin 5 in the generation of Ca2+ signals. Chicken
DT40 clones were derived, in which expression of either
annexin 5 or annexin 2 was ablated by targeted gene dis-
ruption. Changes in intracellular free Ca2+ concentration
([Ca2+]i) were recorded in annexin 5–/– and annexin 2–/–
clones stimulated with thapsigargin, H2O2 or antibodies to
the B-cell receptor (anti-IgM). As the annexin 2–/– DT40
cell responses resembled those of wild-type cells [5], these
were used as the control throughout this study. Thapsigar-
gin- and anti-IgM-induced Ca2+ responses were similar in
annexin 5–/–, annexin 2–/– (see Supplementary material)
and wild-type DT40 cells [5]. In contrast, Ca2+ elevations
induced by H2O2 were transient in annexin 5–/– cells, but
exhibited a slow decaying late phase in annexin 2–/– cells
(Figure 2a,b). This observation was confirmed in four
independently generated annexin 5–/– clones (Figure 2b).
Thus, the absent late phase of the H2O2-induced Ca2+
response represents a true phenotype of annexin 5–/– cells.
To investigate H2O2-induced Ca2+ release from internal
stores, experiments were performed in Ca2+-free buffer.
Release responses in annexin 5–/– and annexin 2–/– cells
were transient and indistinguishable during the late phase
Figure 1
Labelling of annexin 5 with 125I-TID in the presence and absence of
H2O2. Annexin 5 was incubated with phospholipid vesicles at the
indicated pH in the absence (control) or presence of 3 mM H2O2 as
described in the Supplementary material. The entire sample was then
subjected to SDS–PAGE and radiography. The only radioactive bands
were in the illustrated 35 kDa region of the gel, except for low molecular
weight material at the dye front. The data shown are typical of three
experiments, each of which gave the same pH-dependent response.
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(Figure 2c,d), indicating that annexin 5 influences neither
the filling state of intracellular Ca2+ stores, nor the inositol
trisphosphate (InsP3)-dependent release of Ca2+ from
such stores, upon which the anti-IgM response has been
shown to be entirely dependent [6].
We then used the Mn2+ quench technique to establish
whether or not the sustained late phase of H2O2-induced
Ca2+ responses in DT40 cells was due to Ca2+ influx
across the plasma membrane, or the result of changes in
efflux or uptake mechanisms (Figure 2e,f). In annexin 2–/–
cells, H2O2 stimulation induced an increase in quench rate
(%F/min = + 8.47 ± 1.49%) that was similar to the quench
obtained with thapsigargin (+ 13.31 ± 0.47%, Figure 2e).
In contrast, H2O2 failed to increase quench rates in
annexin 5–/– cells (+ 2.74 ± 1.57%), whereas the quench
induced by thapsigargin was normal (+ 10.16 ± 1.62%,
Figure 2f). These results show that H2O2 increases the
Ca2+ permeability of the plasma membrane in annexin 2–/–
cells but not in annexin 5–/– cells. Additional experimental
evidence that the annexin 5–/– cells have a defective Ca2+
influx is available in the Supplementary material.
Thus, the late-phase Ca2+ response to all three agonists
requires Ca2+ influx. Only the late-phase Ca2+ influx of
the H2O2 response was lost in annexin 5–/– cells, however.
As the response to thapsigargin was normal in annexin 5–/–
cells, annexin 5 expression is not required for CCE. The
normal late-phase influx of the anti-IgM-induced Ca2+
response, which depends on InsP3-mediated release of
Ca2+ from intracellular stores and CCE, also shows that
these influx pathways are intact. The defect observed in
the annexin 5–/– H2O2-induced response is thus not mani-
fest in these other pathways. Indeed, H2O2 blocks both
CCE and the anti-IgM-induced late phase [5]. Further-
more, loss of the InsP3- and store-mediated components of
both the H2O2- and anti-IgM-induced responses in DT40
cells lacking the tyrosine kinase Syk only affects the Ca2+
influx component of the IgM response; the H2O2-induced
Ca2+ influx remains intact, confirming that it uses an alter-
native mechanism [6,7]. The late-phase H2O2-induced
Ca2+ entry is therefore annexin 5 dependent, mediated by
a Ca2+ influx channel that is not involved in B-cell recep-
tor or store-operated Ca2+ entry, and is activated rather
than inactivated during oxidative stimulation. 
Peroxide-induced Ca2+ responses are due to the release of
Ca2+ from intracellular stores and Ca2+ influx [8], but the
identity of the H2O2-induced Ca2+ influx channel(s) is not
known. To gain further insight into the role of annexin 5,
we attempted to characterise this influx channel, candidates
for which include CCE channels [9], non-selective cation
channels [10,11] and L-type Ca2+ channels [12]. Our data
show that none of these channels mediate H2O2-induced
Ca2+ entry in DT40 cells. First, Ca2+ influx evoked by thap-
sigargin was blocked by H2O2 [5], ruling out CCE channels.
Second, H2O2-induced non-selective cation currents in
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Figure 2
H2O2-induced Ca2+ responses are abnormal in cells lacking annexin 5.
(a–d) Annexin 5–/– cells (red trace and symbols) and annexin 2–/– cells
(green trace and symbols) were stimulated with H2O2 in (a,b) Ca2+-
containing and (c,d) Ca2+-free buffer. H2O2 was 2 mM in (a,b) and
3.5 mM in (c,d). (a,c) Typical traces. (b,d) Averaged responses (for
three and four independently generated clones, respectively). Student
t-test confirmed that, in the presence of extracellular Ca2+, the late
phase of H2O2-induced Ca2+ responses was significantly different
(p ≤ 0.05) between annexin 2–/– and annexin 5–/– cells at 125 sec after
stimulation*. (e,f) Fura-2-loaded (e) annexin 2–/– and (f) annexin 5–/–
cells were excited at the isosbestic wavelength of 360 nm. Mn2+
(0.5 mM) was added as indicated to unstimulated cells (blue traces),
or to cells 225 sec (corresponding to –150 sec in the graphs, not
shown) after stimulation with 600 nM thapsigargin (red traces) or
2 mM H2O2 (green traces). The instantaneous drop in fura-2
fluorescence, which was similar in annexin 2–/– cells and annexin 5–/–
cells, is due to the quench of extracellular dye that has leaked out into
the bath solution from loaded cells. The rate of quench was increased
by thapsigargin in both annexin 2–/– cells and annexin 5–/– cells,
demonstrating the opening of capacitative Ca2+ entry (CCE) channels.
H2O2 also increased the quench rate in annexin 2–/– cells, but failed to
do so in annexin 5–/– cells. Within the first 100 sec after addition of
Mn2+, the quench rate in H2O2-stimulated annexin 2–/– cells was
similar to the quench rate observed in the presence of thapsigargin,
but thereafter declined to control levels. Fluorescence signals were
normalised to the values before the addition of Mn2+ (100%
fluorescence). Traces shown are the average of four identical
experiments. Vertical bars represent SD.
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endothelial and CRI-G1 cells [10,11] have a reversal poten-
tial close to or at 0 mV. Accordingly, oxidant activation of
these channels leads to depolarisation of the transmembrane
voltage (Vm). To test whether similar channels exist in
DT40 cells, we measured changes in Vm in annexin 5–/– and
annexin 2–/– cells following stimulation with H2O2 (Figure
3a). Annexin 5–/– cells responded to H2O2 in all experiments
by hyperpolarisation (n = 8), whereas the Vm of annexin 2–/–
cells remained unchanged, slightly hyperpolarised, or depo-
larised. These data indicate that the conductance changes
responsible for the hyperpolarisation in annexin 5–/– cells
can also occur in annexin 2–/– cells. Nevertheless, the resting
membrane potential (RMP) of annexin 2–/– cells is more
negative and closer to the reversal potential for the H2O2-
induced membrane current. Because H2O2 activates K+
channels [8,13], we suggest that the RMP of annexin 2–/–
cells is close to the K+ equilibrium potential (EK), whereas
annexin 5–/– cells hyperpolarise towards EK only in response
to H2O2 stimulation. These data exclude non-selective
cation channels of the type responsible for peroxide-
induced Ca2+ influx in CRI-G1 [11] and endothelial cells
[10], and also rule out voltage-dependent L-type Ca2+ chan-
nels, this being the third proposed H2O2-activated Ca2+
channel. Oxidative activation of L-type channels is also
unlikely, as H2O2 suppresses L-type Ca2+ currents [13].
Another potential Ca2+-entry channel in B cells is the anti-
IgM-activated voltage-insensitive ion channel, which shares
pharmacological and serological similarities with L-type
Ca2+ channels [14]. But this channel can also be ruled out as
the mediator of H2O2-induced Ca2+ entry, because anti-
IgM-induced Ca2+ responses are blocked by H2O2 [5]. 
So is annexin 5 itself the Ca2+ influx channel? Unlike
annexins 4 and 6, which inhibit ion-channel activity [15,16],
annexin 5 has never been demonstrated to modulate the
Brief Communication 1405
Figure 3
Effect of H2O2 on Vm and intracellular pH
(pHi). (a) H2O2 (2 mM) was added as
indicated. A decrease in fluorescence
indicates hyperpolarisation, an increase
indicates depolarisation. Vm was not affected
by H2O2 stimulation in annexin 2–/– cells,
whereas a hyperpolarisation occurred in
annexin 5–/– cells. Cells were depolarised by
five consecutive additions of 13 mM KCl
(arrowheads) raising extracellular K+
concentration from 5.8 mM to 70.8 mM and
Cl– concentration from 282 mM to 347 mM.
Signals were normalised to the fluorescence
increase obtained by the fifth addition of KCl
and aligned to the maximum fluorescence
value. (b) Effect of anti-IgM (400 ng/ml),
thapsigargin (600 nM) and H2O2 (3.5 mM)
on cytosolic pH, as determined using the pH
indicator BCECF, in control DT40 cells.
H2O2 induced a decrease in the cytosolic pH
from a resting value of 7.25 to 7.05, whereas
anti-IgM and thapsigargin were without
effect. Identical results were obtained in
annexin 5–/– cells. (c) Acidification by
addition of HCl (4 mM) as indicated (blue
trace) blocked the late phase of H2O2-
induced Ca2+ responses in annexin 2–/– cells
(green trace). Addition of 4 mM HCl
decreased the pHi from 7.3 to 6.9, as
determined in separate experiments using
BCECF (data not shown). This experiment
was performed with buffer containing
250 µM sulfinpyrazone to block leakage of
fura-2 from the cells.
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Figure 4
Ca2+ signaling pathways in DT40 pre-B cells. Summary of the Ca2+
responses to the three agonists tested in this study. Thapsigargin
mobilises Ca2+ by inhibiting the plasma membrane Ca2+–ATPase,
resulting in emptying of intracellular stores and activation of store-
operated Ca2+ channels (SOC) by the CCE pathway. The dashed line
indicates that the mechanism of SOC activation is not well
understood. Antibodies (anti-IgM) to the B-cell receptor (BCR)
mobilise Ca2+ by activation of Syk [6] and InsP3-dependent release of
Ca2+ from intracellular stores. Emptying of stores leads to SOC
activation and Ca2+ influx. H2O2 has also been shown to mobilise
intracellular Ca2+ through a Syk-dependent pathway [7], and Syk–/–
cells fail to release intracellular Ca2+ in response to either peroxide or
anti-IgM [6,7]. Peroxide, but not anti-IgM, stimulates a Ca2+ influx in
Syk–/– cells, indicating the existence of a peroxide-sensitive Ca2+
channel that does not require emptying of intracellular stores for its
activation [7]. We show here that peroxide inhibits SOC activation,
and that peroxide-induced Ca2+ influx requires annexin 5. The
observation that annexin 5 inserts into artificial membranes on
peroxide treatment is consistent with the idea that a membrane-
inserted form of annexin 5 functions as a redox-sensitive Ca2+
channel. Green arrows, direct activation; red blocked arrows,
inhibition; dashed lines, poorly understood or indirect pathways;
PLC-γ, phospholipase C-γ.
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Ca2+ channel activity of another protein. In contrast, there is
evidence from both in vitro experiments and studies on
mineralising chondrocytes that argues for the formation of a
Ca2+-selective ion channel by annexin 5 [1,17]. Two models
exist to explain Ca2+ conductance by annexin 5. The first
model — ‘micro-electroporation’ — depends on Ca2+-
dependent membrane association by the annexin monomer,
with increased permeability of the membrane to Ca2+ [18].
If Ca2+-dependent membrane association was sufficient to
activate an annexin 5-dependent Ca2+ flux, one would
expect to see an annexin 5-dependent Ca2+ influx in
responses induced by agonists such as thapsigargin. The
Ca2+ responses induced by anti-IgM and thapsigargin did
not show any detectable annexin 5-dependent component
in our study, however. Therefore, a rise in [Ca2+]i cannot be
the sole factor that activates annexin 5-dependent Ca2+
entry. Indeed, at elevated Ca2+ levels, annexin 5 has stabil-
ising effects on phospholipid membranes [3]. 
The second model invokes a Ca2+-independent form of
membrane integration that has been reported for annex-
ins 1, 5 and 12 at acidic pH [2–4]. To examine whether or
not H2O2 elicits intracellular acidification in DT40 cells,
we analysed the responses of annexin 2–/– cells to H2O2,
thapsigargin and anti-IgM, using the pH-sensitive fluo-
rescent dye BCECF. Of these agonists, only H2O2
induced acidification of the cytosol of DT40 cells
(Figure 3b). Identical results were obtained with annexin
5–/– cells (data not shown). Thus, annexin 5 is not
required for this component of the H2O2 response. To
investigate the influence of pHi on the Ca2+ response, we
artificially acidified the cytosol following H2O2 stimula-
tion. Addition of 4 mM HCl decreased the pHi from 7.3
to 6.9, but rather than enhancing the late-phase Ca2+
responses to H2O2 in annexin 2–/– cells, acidification was
inhibitory (Figure 3c). This result, taken together with
the observation that more extreme acidification (pH 5.0)
is required for membrane insertion of annexin 5, effec-
tively rules out a causative role for pH changes in gener-
ating the annexin 5-dependent Ca2+ influx.
We have shown here that peroxide-induced Ca2+ entry in
the chicken pre-B cell line DT40 requires annexin 5,
whereas anti-IgM- and thapsigargin-induced Ca2+ signals
are annexin 5 independent (summarised in Figure 4).
There are two ways in which annexin 5 could mediate per-
oxide-dependent Ca2+ entry. Annexin 5 either functions
in a signaling pathway operated by H2O2 that leads to acti-
vation of a Ca2+ entry channel, or annexin 5 forms a Ca2+
channel itself. The in vitro structural, mutational and elec-
trophysiological evidence [1,19] suggests a channel-
forming role for annexin 5. These findings, taken together
with our observation that, in the presence of H2O2,
annexin 5 inserts into artificial membranes, support the
idea that, in DT40 cells in vivo, H2O2 induces Ca2+ entry
through a channel formed by annexin 5.
Supplementary material
Additional methodological details and figures showing that Ca2+
responses mediated by thapsigargin and the B-cell receptor are
normal in annexin 5–/– cells, and that H2O2-induced Ca2+ influx is
lost in annexin 5–/– cells are available at http://current-
biology.com/supmat/supmatin.htm.
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Supplementary materials and methods
Materials and cell culture 
Source of materials as well as generation and culture of annexin gene
knock-out DT40 clones was as or will be described elsewhere ([S1];
T.E.H. and S.E.M., unpublished data). Phosphatidylserine (bovine
brain, catalogue #840032) and phosphatidylcholine (egg yolk, cata-
logue #840051) were obtained from Avanti Polar Lipids (Alabaster,
Alabama). The photoactivatable probe 3-(trifluoromethyl)-3-(m-
[125I]iodophenyl)diazirine (125I-TID) was purchased from Amersham.
Labeling with 125I-TID 
Large unilammelar vesicles composed of phosphatidylserine and phos-
phatidylcholine (2:1 molar ratio) were prepared according to the
Reeves/Dowben protocol [S2]. The topography of membrane-bound
annexin 5 was probed with 125I-TID as in [S3,S4] and (J. Isas, J. Car-
tailler, Y. Sokolov, D.R.P., R. Langen, H. Luecke, J. Hall and H.T.H.,
unpublished data). Recombinant human annexin 5 (12 µg) was incu-
bated with vesicles (1:1000 molar ratio protein:phospholipid) in a solu-
tion (30 µl final volume) containing either EGTA (500 µM) or CaC03
(500 µM) at the indicated pH. The following buffers (100 mM) were
used: sodium acetate for pH 4.0–5.6; MES for pH 6.0–6.5; and
Tris:HCl for pH 7.4. The 125I-TID solutions were diluted with ethanol to
a concentration of 1 µCi/l. After incubating protein and phospholipid
for 10 min in either the presence or absence of H2O2 (3 mM), 1 µCi
125I-TID was added and the solution was incubated for 20 min in the
dark. The sample was then subjected to a 30 min irradiation from an
ultraviolet light (Minerallight Lamp Model UVSL-25, 366 nm) at a dis-
tance of 5 cm to generate the reactive carbene. All incubations were at
room temperature. After the incubation, Laemmli SDS sample buffer
was added and the samples were analysed by SDS–PAGE and the
dried gels were exposed to Phosphor Screens (Molecular Dynamics)
and the data were analysed using Image Quant software.
Spectrofluorimetry
All experiments were performed with an LS50 B fluorimeter (Perkin
Elmer) at 40°C on stirred cell suspensions in HBSS (Hanks’ Balanced
Salts Solution), which was supplemented with HEPES, sodium bicar-
bonate and contained: 1.26 mM CaCl2, 0.81 mM MgSO4, 5.4 mM KCl,
Supplementary material
Figure S1
Ca2+ responses mediated by thapsigargin and the B-cell receptor are
normal in cells lacking annexin 5. DT40 cells were loaded with fura-2
and stirred at 40oC in a cuvette in a spectrofluorimeter. (a) Thapsigargin
(600 nM) and (b) anti-IgM (400 ng/ml) were added at 100 sec as
indicated by the arrows, and fluorescence changes (∆R) were monitored
continuously for a further 500 sec. Red trace, annexin 5–/– cells; green
trace, annexin 2–/– cells. 
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Figure S2
H2O2-induced Ca2+ influx is lost in annexin 5–/– cells. EGTA (1 mM),
H2O2 (2 mM) and Ca2+ (2.5 mM) were added as indicated to
(a) annexin 2–/– cells (green trace) and (b) annexin 5–/– cells (red
trace) in nominally Ca2+-free buffer. The black traces (control) in
(a,b) were obtained in experiments on the respective cells by omission
of H2O2. Ca2+ was added 250 sec after H2O2 stimulation and evoked
pronounced intracellular Ca2+ elevations in annexin 2–/– cells
compared with the control, but failed to do so in annexin 5–/– cells.
(c) Responses obtained by Ca2+ re-addition at various time points
(160, 250 and 360 sec) after H2O2 stimulation from annexin 2–/– cells
(green traces) and annexin 5–/– cells (red traces) are shown
superimposed. Ca2+ addition to the EGTA-containing buffer in these
experiments was calculated to give a final free Ca2+ concentration of
1.5 mM. Experiments shown here were performed with buffer
containing 250 µM sulfinpyrazone. This result supports the data in
Figure 2e,f in the paper, showing that the defect in the response of
annexin 5–/– cells to peroxide is due to a failure in Ca2+ influx.
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
6005004003002001000
EGTA
Ca2+
Ca2+
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
6005004003002001000
EGTA
650550450350250
Time (sec)
Time (sec)
Time (sec)
Control
(no H2O2)
Control
(no H2O2)
Current Biology   
H2O2
H2O2
R
el
at
iv
e 
[C
a2
+
] i
(a
rb
itr
ar
y 
un
its
)
[C
a2
+
] i 
(a
rb
itr
ar
y 
un
its
)
[C
a2
+
] i 
(a
rb
itr
ar
y 
un
its
)
Annexin 2–/–
Annexin 2–/–
Annexin 5–/–
Annexin 5–/–
(a)
(b)
(c)
0
0.2
0.4
0.6
0.8
1.0
0.44 mM KH2PO4, 136.9 mM NaCl, 0.34 mM Na2HPO4, 4.2 mM
NaHCO3, 5.5 mM D-glucose and 10 mM HEPES. For Ca2+-free experi-
ments, 3 mM EGTA was added. Agonists were added from concen-
trated stocks to obtain the desired concentrations. Fura-2 Ca2+
measurements of DT40 cells were performed as described in detail in
a previous paper [S1]. In some experiments (as indicated in the figure
legends), HBSS was supplemented with sulfinpyrazone (250 µM) to
minimise loss of indicator dye. Transmembrane voltage was measured
using bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3),
Molecular Probes); 106 cells per ml were incubated for 10 min with
200 nM DiBAC4(3), which was added to the fluorimeter cuvette prior
to the actual experiment. DiBAC4(3) fluorescence was measured with
excitation at 490 nm and emission at 516 nm. Measurements of pH
were performed by loading 106 cells per ml with 200 nM of the ace-
toxymethyl ester of 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescin (BCECF, Molecular Probes) for 30 min at 40°C. After loading,
cells were washed twice with HBSS, whereafter the fluorescence ratio
(Em1/Em2) was determined by excitation 1 at 490 nm, excitation 2 at
440 nm and emission (Em) at 535 nm; pH was calibrated from the
BCECF fluorescence ratio as described elsewhere [S5]. 
Manganese quench
DT40 cells were loaded with Fura-2/AM as described for measure-
ments of intracellular free Ca2+ [S1]. After loading, cells were washed
and finally resuspended in HBSS containing 250 µM sulfinpyrazone.
Suspensions of cells were excited at the dye’s isosbestic wavelength
of 360 nm and emission was monitored at 510 nm; 0.5 mM Mn2+ was
added as indicated to unstimulated cells or to cells 225 sec after stim-
ulation with thapsigargin or H2O2.
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